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B
reeding strategies for developing higher-yielding genotypes of wheat (Triticum aestivum L.) are extensively based on approaches that involve generating a large number of crosses and subsequently selecting among and within segregating populations. To date, wheat breeding around the world has been based primarily on empirical selection criteria (yield per se) for yield improvement . Since yield is characterized by low heritability and a high genotype-environment interaction, empirical selection may be insuffi cient for achieving genetic gain ( Jackson et al., 1996) .
Identifying promising genotypes in a breeding program will be facilitated if grain yield can be predicted before the crop is harvested. This early prediction would also be very helpful if the topperforming families could be identifi ed from a group of hundreds
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ABSTRACT
Selection criteria that would facilitate increased genetic gain for grain yield would be considered advantageous in plant breeding programs. We evaluated the potential of spectral refl ectance indices (SRI) for assessing grain yield variability in winter wheat (Triticum aestivum L.) genotypes under Great Plains conditions. One experiment was conducted at two locations on the Oklahoma State University research farms for 1 yr, and two experiments were conducted for 2 yr at a single location. The fi rst experiment included 25 winter wheat cultivars from the Great Plains, and the other two experiments contained two groups of 25 F 4:6 and F 4:7 recombinant inbred lines. Six reported SRI (red and green normalized difference vegetation index, RNDVI, GNDVI; simple ratio, SR; water index, WI; normalized water indices 1 and 2, NWI-1 and NWI-2), and two new normalized water indices (NWI-3 and NWI-4) were calculated at booting, heading, and early grain-fi lling stages using a FieldSpec UV/VNIR spectroradiometer. Signifi cant genotypic variation was observed for SRI and growth stages, though the booting stage was least associated with grain yield. The relationships of grain yield with WI and NWI were stronger than with the RNDVI and SR. The WI and the NWI performed better in identifying superior genotypes, either at any individual growth stage or in a combination of growth stages. Our study clearly demonstrated the potential of using SRI as a selection tool for grain yield in a winter wheat breeding program.
or thousands of segregating populations in a breeding program (Royo et al., 2003) . Reynolds et al. (1999) indicated that morphological characters such as number of grains per unit area and harvest index can be used in the visual selection of breeding lines, but those traits are diffi cult to measure in a large number of small plots in early generations due to labor intensiveness and time.
Yield in a given environment is directly and indirectly infl uenced by morphological, physiological, and environmental factors. Selection of breeding lines for grain yield in advanced nurseries often needs repetition to make a selection decision because commonly used statistical procedures sometimes fail to produce suffi ciently accurate results for identifying superior genotypes (Ball and Konzak, 1993 ). An analytical breeding strategy is an alternative breeding approach that requires a better understanding of the factors responsible for development, growth, and yield (Richards, 1982) . This strategy considers morphophysiological selection criteria that have potential to make empirical selection more effi cient (Reynolds et al., 2001) . The limited application of this analytical approach is probably due to the lack of an appropriate understanding of the physiological parameters, their estimation, and their true associations with grain yield (Richards, 1996) . Commonly used physiological selection criteria include stomatal conductance, canopy temperature depression, and C 13 isotope discrimination of grains (Reynolds et al., 1999) . Spectral properties of the plant came into focus as a potential selection tool for grain yield in more recent years (Aparicio et al., 2002; Royo et al., 2003; Babar et al., 2006) .
The basic principle governing canopy spectral refl ectance is that specifi c plant traits are associated with the absorption of specifi c wavelengths of the spectrum (Reynolds et al., 1999) . For example, leaf pigments like chlorophyll, xanthophylls, and carotenoids strongly absorb light in the photosynthetically active radiation (PAR) portion of the spectrum, but not in the near infrared (NIR) region. These pigments reduce refl ectance of PAR, but not NIR where the magnitude of refl ectance is infl uenced by the scattering and diff usion of light by diff erent leaf tissues (Knipling, 1970) . Spectral refl ectance by a crop canopy is related to the overall area of leaves and other photosynthetic organs in the canopy, pigment concentration, and other physiological factors (Araus et al., 2001) . Thus, the measurement of the spectrum refl ected from plants provides information that can be used to estimate a large number of parameters (Araus et al., 2001) , such as green biomass of the canopy, photosynthetic area, amount of PAR absorbed by the canopy, and photosynthetic potential (Reynolds et al., 2001) . Other parameters related to the physiological status of the canopy at the time of measurement, such as relative water content, nutrient defi ciencies, environmental stresses, pigment concentration, and photosynthetic radiation use effi ciency, have been assessed by spectral refl ectance measurements (Araus et al., 2001; Reynolds et al., 2001) . Several researchers have suggested that grain yield can be estimated using spectral refl ectance during diff erent crop growth stages (Araus et al., 2001; Aparicio et al., 2002; Osborne et al., 2002; Babar et al., 2006) .
The most commonly used spectral refl ectance indices (SRI) are simple ratio (SR) and normalized diff erence vegetative index (NDVI) . Green biomass, leaf area index (LAI), green area index, green leaf area index, and fraction of absorbed photosynthetically active radiation are positively correlated with SRI Richardson, 1990a, 1990b; Baret and Guyot, 1991; Price and Bausch, 1995) . Measuring SRI periodically during diff erent crop growth stages allows the estimation of leaf area duration that serves as an indicator of stress tolerance and the total PAR absorbed by the canopy, which are the most important factors for predicting yield (Wiegand and Richardson, 1990a) . Stress assessment in plants is one of the important physiological tools associated with certain spectral indices. Water index (WI) has been demonstrated to predict relative water content, leaf water potential, stomatal conductance, and canopy temperature with sufficient water stress (Peñuelas et al., 1993) . Peñuelas et al. (1997) showed the usefulness of using WI to assess the eff ect of salinity on barley.
Experiments in multiple locations for predicting grain yield of wheat using SRI have shown that approximately 50 to 65% of yield variability can be explained by NDVI and SR (Tucker et al., 1980; Aparicio et al., 2000; Serrano et al., 2000; Raun et al., 2001) . At LAI values above 3, the canopy absorbs all of the incident red light, leaving no more red light to be absorbed by higher vegetation fractions. Hence, the common SRI that utilize the red band are insensitive to variation in vegetation fraction or LAI values beyond 3 (Serrano et al., 2000) . Therefore, these SRI cannot be used as a selection tool in wheat breeding programs where genotypes are selected at later reproductive growth stages.
This study explored the spectrum for wavelengths or combinations of wavelengths that could be used to adequately predict winter wheat genotypes for grain yield variation. Specifi c objectives were to test the correlation of widely used SRI with grain yield variability, to identify new spectral indices better correlated with grain yield variability among winter wheat genotypes across environments, and to determine the optimum growth stage(s) for measurement of SRI. [Zadoks et al., 1974] ) to control foliar diseases, and Cygon 2E (23% dimethoate; Southern Agricultural Insecticides, Inc., FL) was applied at booting to control aphids. Grain yield for each plot was determined by mechanically harvesting the whole plot and expressed as kg ha −1 .
MATERIALS AND METHODS

Experimental Materials
Spectral Refl ectance Measurements
Spectral refl ectance measurements were accomplished using a portable fi eld spectroradiometer (FieldSpec UV/VNIR, Analytical Spectral Devices, Boulder, CO). Refl ectance measurements were taken with a 25° fi eld of view optic at vertical position. The spectroradiometer was capable of measuring radiance from 350-to 1050-nm wavelengths with a sampling interval of 1.4 nm of the spectrum. Thus, 512 continuous data points were obtained with each reading. Measurements were taken during the middle of the day on cloudless days. The optical sensor was placed approximately 50 cm above the plant canopy in nadir position. The incident spectrum was taken from the light refl ected from a white reference panel, and refl ectance was calculated from the ratio of refl ected light from the crop canopy against the total radiance refl ectance from the white surface. The spectroradiometer was recalibrated every 10 plots. Four spectral measurements were taken randomly from four diff erent places per plot, and the mean of the four readings was used to calculate the spectral refl ectance indices. Refl ectance data were taken at three growth stages, namely, booting, heading (Zadoks planted at the Oklahoma State University Agronomy Research Farm at Stillwater, Oklahoma (36°11´ N, 97°05´ W), and at Lake Carl Blackwell (36°16´ N, 97°28´ W), located 25 km west of Stillwater. The soil types at these sites are Kirkland silt loam (fi ne, mixed, thermic Udertic Paleustolls) with an average pH of 6.2 to 6.5, and Pulaski fi ne sandy loam (coarse-loamy, mixed, nonacid, thermic Typic Ustifl uvent) with an average pH of 6.7 to 6.9. The weather patterns of the two sites are presented in Table 1 . All four site-years were above the long-term average temperature (8.9°C) and long-term total precipitation (407.1 mm), although March and April were drier in 2004/2005 at both sites compared to the long-term average.
The fi rst experiment, designated as Exp-1, was composed of commercial winter wheat cultivars from the southern and central Great Plains and was planted at both sites in year 2003/2004. The second experiment, designated as Exp-2, was composed of 25 F 4:6 and F 4:7 recombinant inbred lines (RIL) from the cross TX 95V5905/Jagger and was planted at the Lake Carl Blackwell site in years 2003/2004 (F 6 ) and 2004/2005 (F 7 ). These lines were developed by the winter wheat breeding program at Kansas State University, Manhattan. The third experiment, designated as Exp-3, was composed of 25 F 4:6 and F 4:7 RIL from the cross TX93V4927/G1878 and was planted at the Stillwater site in years 2003/2004 (F 6 ) and 2004/2005 (F 7 ). This population was developed by AgriPro Coker (Vernon, TX).
All experiments were conducted under rain-fed conditions and planted at a seeding rate of 70 kg ha stage 59), and early grain-fi lling (Zadoks stage 75) for all three experiments in both years and locations. There was a diff erence of 3 to 7 d among the genotypes in reaching booting, heading, and early grain-fi lling stages. The refl ectance measurements were taken at the middle of this range to ensure minimal infl uence on the readings. We calculated about 200 new indices using diff erent combinations of visible and NIR wavebands in ratio and normalized forms and chose two new indices based on the overall performance across experiments and compared with six previously reported indices. Descriptions of the indices are presented in Table 2 .
Data Analysis
The alpha lattice analysis was performed by SAS MIXED procedures (SAS Institute, 2001) for grain yield and spectral refl ectance indices. Pearson's correlation coeffi cients were used to determine the association between grain yield and spectral refl ectance indices measured at individual growth stages and across diff erent growth stages. Genetic correlations between grain yield and SRI were calculated across growth stages and environments by the formula (Falconer, 1989 )
where Cov indicates components of covariance between grain yield (G1) and SRI (G2), and Var indicates components of variance of grain yield and SRI. Relationship between SRI and grain yield was established by regression analysis and was accomplished by the SAS software (SAS Institute, 2001 ). Data were fi tted into diff erent models based on the least-square method of parameter estimation. Residuals were checked for model fi tting. Coeffi cients of determination were compared for diff erent models. Root mean square error was calculated based on work by Kobayashi and Salam (2000) .
Selection for the 25% highest-yielding and 25% lowestyielding genotypes was done by ranking the genotypes according to grain yield and ranking the genotypes based on the SRI. Signifi cant grain yield diff erences between the genotypes of the two selection groups based on the 25% highest and the 25% lowest SRI values were tested. The genotypes were ranked for SRI based on the mean of the readings obtained by combining the refl ectance data across three growth stages. We also determined the yield per se of the 25% highest-yielding and 25% lowest-yielding genotypes. The yield estimate based on individual SRI was calculated using the regression equation of that specifi c index with grain yield. Percent yield diff erences were then estimated between yield per se and yield estimates based on diff erent SRI.
RESULTS
Genotypic Variation and Growth Stage
Signifi cant genotypic diff erences (p < 0.05) for grain yield were found in all three experiments (Table 3) . Diff erences (p < 0.05) were observed for spectral behavior at diff erent crop growth stages, namely booting, heading, and early grain-fi lling (Table 4) . The values for RNDVI, GNDVI, and SR decreased from the booting to the grain-fi lling stage (Table 4 , Fig. 1 ). On the other hand WI, NWI-1, NWI-2, NWI-3, and NWI-4 provided two diff erent types of patterns ( Simple ratio (SR) (R 900 /R 680 ) Canopy photosynthetic area Gitelson et al., 1996 Water index (WI) (R 970 /R 900 ) Canopy water status Peñuelas et al., 1993 Normalized water index 1 (NWI-1) (R 970 -R 900 )/(R 970 + R 900 ) Canopy water status Babar et al., 2006 Normalized water index 2 (NWI-2) (R 970 -R 850 )/(R 970 + R 850 ) Canopy water status Babar et al., 2006 Normalized water index 3 (NWI-3) (R 970 -R 920 )/(R 970 + R 920 ) Canopy water status Newly developed
Normalized water index 4 (NWI-4) (R 970 -R 880 )/(R 970 + R 880 ) Canopy water status Newly developed † R, refl ectance at a specifi c wavelength of the light spectrum (in nm). decreased from booting to heading, and then increased at the grain-fi lling stage (Fig. 1a, b) , but in 2004/2005, they showed a continuous increase from the booting to the grain-fi lling stage (Fig. 1c, d ). In all instances, the values of the water-based indices were higher in the grain-fi lling stage compared to booting stage (Table 4 , Fig. 1 ).
Interaction between Genotypes, Growth Stages, and Years/Locations
The ANOVA for Exp-3 (Table 5) revealed that genotypes and growth stage main eff ects were signifi cant, as well as the growth stage by genotype interaction. The three-way interactions were signifi cant for all the water-based NIR S i g n i fi c a n c e l e v e l * * * * * * * * * * * * * * * * *Signifi cant at the 0.05 probability level.
**Signifi cant at the 0.01 probability level.
indices. The analyses of variance for the other two experiments were similar (data not presented). The correlation coeffi cients between the heading and grain-fi lling stages for each individual index value were signifi cant for most experiments across locations and years (Table 6 ). On the other hand, the correlation coeffi cients of the index value between booting and heading stages, as well as between the booting and grain-fi lling stages, were nonsignifi cant in most cases (Table 6 ).
Correlation between Spectral Refl ectance Indices and Grain Yield
Among the tested indices, six have been previously studied (WI, RNDVI, GNDVI, SR, NWI-1, and NWI-2), and two new indices (NWI-3 and NWI-4) have been calculated. The reported indices have been previously used to estimate diff erent physiological parameters and yield, mostly with durum wheat (Triticum turgidum L. subsp. durum) under Mediterranean rain-fed conditions or spring wheat (Triticum aestivum L.) under irrigation. Three indices (RNDVI, GNDVI, and SR) provided positive associations with grain yield, whereas, the other fi ve showed negative associations (Table 7) . Almost all the indices showed low correlation with grain yield at the booting stage and high correlations at heading and grain-fi lling stages with grain yield. The indices can be classifi ed into two groups. One group includes the visible and NIR wavebands, and another group includes only the NIR wavebands, especially the minor water absorption band of 970 nm ( Table 2 ). The indices based on the minor water absorption band tended to provide higher correlations with grain yield compared to the widely used RNDVI, GNDVI, and SR. In each individual experiment, the NIR-based indices exhibited a consistent negative association with grain yield across years and locations. The vegetation-based indices (RNDVI, GNDVI, and SR) gave correlations that were inconsistent in diff erent experiments across years and locations. Mean indices over the three growth stages always provided higher correlations with grain yield compared to any individual growth stage (Table 7) , except for the RNDVI, GNDVI, and SR indices in certain cases. The indices based on the minor water absorption band always provided a higher association with grain yield compared to the RNDVI, GNDVI, and SR when the mean of the three growth stages was used. These patterns were also evident when indices were combined for the heading and grain-fi lling stages, but the correlation coeffi cients were lower than the coeffi cients using three growth stage combinations (data not shown).
The water-based NIR indices (WI and NWI) always provided higher genetic correlations with grain yield compared to the widely used indices (RNDVI, GNDVI, and SR) (Fig. 2) . These patterns were also observed when individual growth stages and individual year/location yield were considered (data not shown). In most cases, the performance of the minor water band-based indices (WI and NWI) were indistinguishable from each other, but considering the overall performance, NWI-3 and NWI-4 showed better correlations with grain yield in the diff erent experiments in diff erent years and locations.
Functional Relationship between Spectral Refl ectance Indices and Grain Yield
The functional relationship between grain yield and the diff erent SRI for the three growth stages individually and in combination were established through regression analysis. Figure 3 shows the functional relationship of NWI-3 with yield in three growth stages for two experiments. The NWI-3 explained more of the grain yield variability at heading and grain-fi lling stages compared to the booting stage (Fig. 3) . The relationship of three diff erent indices (NWI-2, NWI-3, and NWI-4) with grain yield are presented in Fig. 4 for three diff erent experiments, based on the mean of the three diff erent growth stages in an individual year or location. The relationships of the other indices with grain yield were also tested (data not shown), and in all instances the model fi t better with a linear relationship having the higher coeffi cient of determination compared to other models. Indices tended to explain more of the grain yield variability when mean data were used, for example, combining growth stages, combining years/ locations, or combining both. Our analysis based on combining growth stages revealed the superiority of NWI-3 over the other indices in predicting yield, explaining 74% of the grain yield variation in one location and 63% of the variation in the other location for Exp-1 (Fig. 4) . The relationship of measured grain yield and predicted grain yield based on NWI-3 is presented in Fig. 5 . This relationship was established on the basis of all three experiments using the mean values of the three growth stages across locations and years. Although some diff erences were observed between the diff erent experiments for grain yield and spectral behavior, the relationships revealed the signifi cant linear predictability of grain yield based on NWI-3.
Selection of Genotypes
Signifi cant diff erence between genotypic grain yields of the two selection groups based on the 25% highest and the 25% lowest SRI values was observed for all the water-based SRI (data not shown). The water index and the NWI showed greater accuracy in identifying both the highestyielding and the lowest-yielding genotypes compared to the RNDVI, GNDVI, and SR (Table  8) . Similar trends were also observed when individual growth stages were considered (data not shown), but the combination of growth stages always worked better. The indices that included the minor water absorption band identifi ed 50 to 83% of both the 25% highest-yielding genotypes and the 25% lowest-yielding genotypes in all three experiments. Among the NIR-based indices, NWI-3 and NWI-4 consistently performed better. This was also evident when the mean of the two locations or 2-yr data were combined for individual experiments, and also when the three experiments were considered together (Table 8) .
Yield per se and yield estimates of the 25% highest-yielding and 25% lowest-yielding genotypes for the three experiments based on the linear regression equation of the diff erent SRI are presented in Table 9 . The percent diff erence between the harvested and predicted yield in diff erent experiments was as close as 0.9% for the highest-yielding genotypes using NWI-3 in Exp-1. The largest diff erence between actual and predicted yield was 21.1% for the RNDVI in Exp-3. In most cases, the percent yield diff erence was 10% or less, with the water-based NIR indices commonly having diff erences of 1 to 5%. The widely used indices (RNDVI, GNDVI, and SR) showed inconsistency across years and locations in identifying the highest-yielding and lowest-yielding genotypes, while the NIR indices showed remarkable accuracy and consistency in predicting the relative performance of the genotypes for grain yield across years and locations. 
DISCUSSION Genotypic Variation and Growth Stage
Signifi cant genotypic variation for grain yield and spectral behavior at diff erent growth stages, namely booting, heading, and grain-fi lling, confi rms the existence of suffi cient variation among the genotypes. The fi rst experiment (Exp-1) includes widely used winter wheat cultivars available throughout the Great Plains of the USA. The other two experiments contain suffi cient variation in the respective RIL populations. Similar variations were also observed by other researchers working with spectral refl ectance in wheat, including Babar et al. (2006) working with irrigated spring wheat, with irrigated and nonirrigated spring wheat (Gutiérrez-Rodríguez et al., 2004) , with durum wheat in the Mediterranean region (Aparicio et al., 2000 (Aparicio et al., , 2002 , and with durum wheat under rainfed conditions (Royo et al., 2003) .The primary reason for the decreasing trend of RNDVI, GNDVI, and SR from booting to grain-fi lling is the reduced refl ectance in the NIR region due to loss of green tissue as growth Figure 3 . Functional relationship between grain yield and normalized water index 3 (NWI-3) at three growth stages for two experiments. Top: Exp-1; bottom: Exp-2. *Signifi cant at the 0.05 probability level; **signifi cant at the 0.01 probability level. RMSE, root mean square error.
stage progressed from booting to grain-fi lling, as well as increased refl ectance in the visible region (Aparicio et al., 2000) . The NIR indices (WI and NWI) are based on the minor water absorption band (970 nm), and they measure the water status of the canopy (Peñuelas et al., 1997; Babar et al., 2006) . In 2003 In /2004 , the experiments had good water status during heading (71.4-74.9 mm rainfall) and the indices were lower than at booting stage, whereas, in 2004/2005, heading occurred under water defi cit stress conditions (9.9-10.7 mm rainfall) and the indices were higher at heading compared to booting stage (Fig. 1) , since there is a negative relationship between water status and indices values. The nonsignifi cant diff erence among the genotypes for the SRI in some instances at the booting stage was due to the homogeneity of the LAI among the genotypes, which normally reach maximum at the booting stage (Aparicio et al., 2000) . But, at the later growth stages, these indices are highly infl uenced by the reproductive structures such as spike morphology, as well as the decrease in the LAI, and indices detected the signifi cant variation among the genotypes (Hatfi eld, 1981; Aparicio et al., 2000) . The commonly used indices (NDVI and SR) usually saturate at LAI > 3, which is due to the lack of sensitivity of red light at the higher vegetation fractions. Whereas, the NIR bands of the water-based indices (WI and NWI) can penetrate into the higher vegetation fraction of the canopy and assess the water status of the canopy as well as the amount of green biomass (Babar et al., 2006) .
Interaction Effect of Genotypes, Growth Stages, and Years/Locations
We observed signifi cant interaction between diff erent growth stages and the genotypes for diff erent indices (Table 5 ). This means the specifi c growth stages are a very important consideration when measuring the spectral refl ectance. Similar observations were made in the studies of Babar et al. (2006) with irrigated spring wheat and by Aparicio et al. (2002) with rain-fed durum wheat. We also observed very low associations for any individual index between diff erent growth stages, especially between the booting and the heading stages, and between the booting and the grain-fi lling stages, with a few exceptions. This indicates genotypes were ranked diff erently for indices value in diff erent growth stages, which is similar to observations reported by Babar et al. (2006) and Royo et al. (2003) . Correlations between the heading and grain-fi lling stages of individual indices were signifi cant for all cases except Exp-1 at Stillwater in 2003 Stillwater in /2004 . Since heading and grain-fi lling stages are the two most important growth stages for spectral refl ectance measurements, we recommend measuring spectral refl ectance at these two growth stages. . Functional relationship between grain yield and normalized water index 2 (NWI-2), normalized water index 3 (NWI-3), and normalized water index 4 (NWI-4) (estimated as the mean of the three growth stages). Top: Exp-2; middle: Exp-1; bottom: Exp-3. STW and LCB denote Stillwater and Lake Carl Blackwell sites, respectively. **Signifi cant at the 0.01 probability level. RMSE, root mean square error.
Correlation between Spectral Refl ectance Indices and Grain Yield
Diff erent studies have reported the usefulness of spectral refl ectance indices for predicting grain yield under diff erent environmental conditions. Most studies considered the diversity of the environments in diff erentiating genotypes, including diff erent water regimes in durum wheat (Aparicio et al., 2000) , salinity eff ects in barley (Peñuelas et al., 1997) , fertilizer and water treatments in corn (Osborne et al., 2002) , and plant population density in soybean (Ma et al., 2001) . These studies measured the environmental infl uence in increasing the variability in the experiments rather than the genetic variability for grain yield due to genotypes. However, Babar et al. (2006) established a strong relationship between NIR-based indices and grain yield with irrigated spring wheat genotypes. In contrast, there has been little research in using spectral refl ectance indices in predicting winter wheat genotypes for grain yield under Great Plains rain-fed conditions. Raun et al. (2001) previously reported the use of NDVI in predicting the yield of a few winter wheat cultivars under diverse nitrogen levels.
We used six published SRI (RNDVI, GNDVI, SR, WI, NWI-1, and NWI-2), and two new indices (NWI-3 and NWI-4) were calculated (Table 2 ). Most indices taken at the booting stage showed nonsignifi cant correlations with grain yield in the diff erent experiments, with a few exceptions. The relationship between SRI and yield became stronger as the growth stage progressed toward the reproductive phase. Babar et al. (2006) also reported lower correlations between the diff erent spectral refl ectance indices and grain yield at the booting stage. Ma et al. (2001) with soybean and Royo et al. (2003) with durum wheat also reported that the SRI correlated better with yield at the reproductive growth stages rather than at early vegetative growth stages. Aparicio et al. (2000) found signifi cant correlations between grain yield and SRI at hard dough stage (Zadoks stage 87) with durum wheat under rain-fed conditions.
Water index and the NWI gave higher correlations with grain yield compared with the RNDVI, GNDVI, and SR at heading and grain-fi lling (Table 7) . Peñuelas et al. (1993) reported signifi cant relationships between WI and relative water content, leaf water potential, stomatal conductance, and canopy temperature. The minor water absorption band (970 nm) and other NIR bands used in the calculation of WI and NWI make these indices more sensitive to higher fractions of green vegetation at the heading and grain-fi lling growth stages compared to NDVI and SR (Babar et al., 2006) . The higher correlation coeffi cients of the NIR-based indices with genotypic grain yield compared to NDVI and SR are (78) 78 (78) † GNDVI, green normalized difference vegetation index; NWI-1, normalized water index 1; NWI-2, normalized water index 2; NWI-3, normalized water index 3; NWI-4, normalized water index 4; RNDVI, red normalized difference vegetation index; SR, simple ratio; WI, water index. ‡ Selection based on mean spectral refl ectance indices across three growth stages and mean grain yield across locations/years for each individual experiment. § Selection based on mean spectral refl ectance indices across three growth stages and mean grain yield across locations/years for all three experiments. Figure 5 . Relationship between measured grain yield and predicted grain yield based on the linear equation using normalized water index 3 (NWI-3) as the predictor, estimated using the mean values of three growth stages for all three experiments across two locations/years. **Signifi cant at the 0.01 probability level. RMSE, root mean square error.
due to better diff erentiation of the genotypes at heading and grain-fi lling. It has been also reported that WI can predict relative water content, stomatal conductance, and leaf water potential (Peñuelas et al., 1993) . The correlation coeffi cients of diff erent water-based indices with grain yield were different but negligible, which was due to the use of diff erent NIR wavebands to normalize the 970-nm water band in diff erent NIR indices. Increased water content in the plant canopy decreased the refl ectance of the water band, and consequently, we obtained negative correlations of these indices with grain yield. Babar et al. (2006) reported similar observations.
Correlations of the mean estimates of the SRI across three growth stages with yield were higher compared to any individual growth stage (Table 7) . This was also reported by Babar et al. (2006) and Aparicio et al. (2000) . The NIR-based indices always gave higher correlations than the RNDVI, GNDVI, and SR when refl ectance measurements were combined across diff erent growth stages. In most cases, the mean of the indices at the heading and the grain-fi lling stages also gave higher correlations with grain yield than any individual growth stage, but lower than the correlation coeffi cients obtained through combining three growth stages (data not shown). We believe the mean indices across growth stages are a measurement of overall plant health during a critical time in plant development. Repeated refl ectance measurements of a genotype from diff erent growth stages assess the overall fi tness of the genotype with time. Therefore, the indices identify the genotypes that maintain a healthier condition throughout the growing season and, as a result, give higher correlations with fi nal grain yield. We observed higher genetic correlations between the water-based NIR indices and grain yield compared to the widely used vegetation based indices (Fig. 2) . This observation indicated that these water-based indices have higher predictability at the genotypic level for grain yield variation compared to the vegetation based indices under rain-fed conditions.
Functional Relationship between the SRI and Grain Yield
The functional relationship between the SRI and grain yield was linear (Figs. 3 and 4) . Babar et al. (2006) and Gutiérrez-Rodríguez et al. (2004) also reported linear relationships between the diff erent SRI and grain yield. Our results indicate that these SRI can be used for predicting grain yield irrespective of the yield potential of the genotypes. The NIR-based indices always showed better predictability when more data were included in the model (diff erent growth stages, diff erent years/locations). These indices also predicted grain yield well when an individual growth stage such as heading or grain-fi lling stages was ) and predicted grain yield (kg ha −1 ) of the 25% highest-yielding and 25% lowest-yielding (values in parentheses) genotypes in each experiment using spectral refl ectance indices. considered, thus making them suitable as a selection tool in a breeding program for yield improvement. Considering the overall performance, NWI-3 and NWI-4 showed better performance over the other NIR-based indices.
Selection of Genotypes
The effi ciency of selecting superior genotypes is a primary concern when using an indirect selection tool for a specifi c trait. Signifi cant yield diff erences between the two groups of genotypes based on the highest and lowest index values for the water-based indices indicate that these indices can properly discriminate the genotypes for grain yield. Our results showed that the water-based NIR indices identifi ed a major proportion of the higher-yielding as well as the lower-yielding genotypes in the diff erent experiments. In addition, the close approximation of actual grain yield reveals the power of the indices for prediction of the genotypes grain yield. Use of the NIR-based indices, especially NWI-3 and NWI-4, shows promise in selecting desired genotypes for higher grain yield.
CONCLUSIONS
The potential of SRI for predicting winter wheat genotypes for grain yield variability is demonstrated in our study. The randomly derived recombinant inbred lines established the genetic basis of the relationship between the SRI and grain yield. The indices were related to grain yield in a linear fashion confi rming the eff ectiveness for identifying the higheryielding genotypes irrespective of their yield potential. Combining the refl ectance measurements from three growth stages provided the best relationship between SRI and grain yield, but for practical consideration, we recommend taking spectral refl ectance measurements at the heading and the grain-fi lling stages for predicting the genotypic grain yield potential. Indices based on the minor water absorption band consistently provided the best relationships with grain yield, and among them NWI-3 and NWI-4 showed better performance in identifying the higher-yielding genotypes in diff erent winter wheat genetic backgrounds in the Great Plains.
